[cerebral vascular smooth muscle]{.smallcaps} (VSMC) develops an intrinsic myogenic tone that maintains cerebral vessels in a partially constricted state ([@B13]). Vasoactive agents released from blood cells, platelets, the endothelium, astrocytes, and neurons modulate vascular tone to match cerebral blood flow (CBF) with local metabolic demand ([@B10]). Altered vascular reactivity to vasoactive agents, such as serotonin (5-HT), is associated with the pathogenesis of cardiovascular diseases, including hypertension, peripheral vascular disease, and migraines ([@B41]). 5-HT-mediated vascular constriction is enhanced in cerebral arteries isolated from rodent models of hypertension ([@B5], [@B29]).

5-HT acts on G~q~-coupled 5-HT~2A~ receptors and activates the phospholipase C (PLC) pathway ([@B1], [@B27]). PLC mediates phosphatidylinositol 4,5-bisphosphate breakdown to release inositol 1,4,5-trisphosphate (IP~3~) and diacylglycerol, which contribute to vascular constriction through IP~3~-mediated calcium release from intracellular stores and activation of protein kinase C (PKC) ([@B38], [@B39]). Large conductance K^+^ (BK) channels are initially activated by release of cytosolic calcium to generate spontaneous transient outward currents (STOCs) ([@B2], [@B28]). However, the rise in BK channel activity is opposed by progressive PKC-mediated phosphorylation, which eventually results in membrane depolarization and calcium entry via voltage-gated calcium channels (VGCC) ([@B3], [@B45]).

We have previously reported that the middle cerebral arteries (MCA) of the Fawn Hooded Hypertensive (FHH) rat exhibit impaired myogenic response to elevations in perfusion pressure and that introgression of a small region of BN (Brown Norway) chromosome 1 (FHH.1^BN^) containing 15 genes restores this response ([@B31]). The impaired myogenic response in the FHH rat is associated with an elevated BK channel activity compared with FHH.1^BN^ rats ([@B6], [@B32]). Functionally, the impaired myogenic response has been shown to impair autoregulation of CBF and greater infarct size following occlusion and reperfusion of the MCA in FHH rats ([@B31]). In addition, FHH rats have recently been reported to exhibit increased blood-brain barrier leakage, neurodegeneration, and loss of cognitive function following the development of hypertension ([@B12]). Sequence analysis revealed that there are \>700 single nucleotide variants in 11 of the 15 genes located in the 2.4 Mbp region in FHH vs. FHH.1^BN^ rats. Only two genes (Mxi1 and Rbm20) were found to be differentially expressed in renal vessels isolated from these strains ([@B6]). Three of the genes in the region of interest (Add3, Rbm20, and Shoc-2) had sequence variants in the coding region that potentially could alter the function of the proteins. Of these genes, adducin 3 (Add3) appears to be a likely candidate for the altered K^+^ channel activity and the myogenic response, because Milan normotensive rats share the same variant in Add3 as FHH rats, and they also develop renal disease as they age ([@B36], [@B40]). More recently, we have reported that knockdown of the expression of Add3 impairs the myogenic response in the MCA of Sprague-Dawley rats and increases K^+^ channel activity ([@B30]).

Add3 dimerizes with Add1, and together they regulate actin-spectrin interactions ([@B25]). Potentially, a mutation in this gene might alter the cytoskeleton and the trafficking of ion channels. However, a prerequisite for testing whether a mutation in Add3 or any of the other genes in the 2.4 Mbp region are functionally significant is to determine under what experimental conditions K^+^ channel activity is elevated in VSMCs isolated from FHH vs. FHH.1^BN^ rats. Elevated K^+^ channel activity in the cerebral vasculature of FHH rats would be expected to alter vascular responsiveness to vasoconstrictors acting on G~q~-coupled receptors. Thus, the present study determined whether the cerebral vasculature of FHH rat exhibits impaired vasoconstrictor response to 5-HT that is associated with an inability to inhibit BK channel activity relative to FHH.1^BN^ rats, and if blockade of the BK channel can restore the vasoconstrictor response to 5-HT.

MATERIALS AND METHODS {#sec1}
=====================

Experiments were performed on 72 nine- to 12-week-old male FHH and FHH.1^BN^ congenic rats that were obtained from inbred colonies maintained at the University Of Mississippi Medical Center (UMMC). The FHH chromosome 1 congenic strain was generated as previously described ([@B22]) by backcrossing FHH.1^BN^ consomic rats ([@B26]) to FHH rats to generate a F1 population ([@B9]). A F2 population with random recombination along chromosome 1, but homozygous for FHH alleles on all other chromosomes, was generated by intercrossing rats in the F1 population. The F2 rats were further backcrossed to FHH rats, and the pups were genotyped to narrow the region of interest and to generate overlapping FHH.1^BN^ congenic strains. The minimal FHH.1^BN^ congenic strain used in these studies has 2.4 Mbp region of BN chromosome 1 (RNO1) between markers D1Rat09 and D1Rat225 that contains 15 genes ([@B6], [@B32]). A genetic map comparing the 2.4 Mbp region of BN rat chromosome 1 introgressed into the FHH rat genetic background (FHH.1^BN^ congenic strain) was presented in previous studies ([@B6], [@B19], [@B32]). The rats were housed in the Animal Care Facility at UMMC, which is approved by the American Association for the Accreditation of Laboratory Animal Care. They had free access to food and water throughout the study. All protocols were approved by the Animal Care and Use Committee of UMMC.

 {#sec1-1}

### Measurement of basal tone, myogenic response, and vascular responsiveness to 5-HT in MCAs. {#sec1-1-1}

These experiments were performed in MCAs isolated from FHH and FHH.1^BN^ rats that were euthanized with 4% isoflurane. The brain was removed and placed in a low-calcium solution containing (in mM): 145 NaCl, 4 KCl, 1 MgCl~2~, 10 HEPES, 0.05 CaCl~2~, and 10 glucose (pH 7.4). An unbranched segment of the MCA with an inner diameter of 100--200 μm was dissected. They were mounted on glass micropipettes, tied with 8-0 nylon in a myograph containing physiological salt solution (PSS) (in mM): 119 NaCl, 4.7 KCl, 1.17 MgSO~4~, 1.8 CaCl~2~, 18 NaHCO~3~, 5 HEPES, 1.18 NaH~2~PO~4~, and 10 glucose, pH 7.4. Calcium-free PSS was prepared by replacing CaCl~2~ with an equimolar concentration of MgCl~2~ and the addition of 2 mM EGTA. The inflow pipette was connected to a reservoir to allow for control of intraluminal pressure that was monitored with an in-line pressure transducer (Cobe, Lakewood, CO). The distal cannula was closed off so that there was no flow within the MCAs. A servo control system consisting of a miniature peristaltic pump and controller that permitted lumen pressure to be maintained at a constant pressure or increased at a defined rate (Living Systems Instrumentation). The cannulated MCAs were visualized using a charge-coupled device camera (DAGE MTI, CCD-72) mounted on an inverted microscope (Amscope, NI300 TB-FL). The inner diameter of the vessels was determined by a video dimension analyzer calibrated to a diameter of ± 2.0 μm (Living Systems Instrumentation). The bath solution was equilibrated with O~2~ (95%) and CO~2~ (5%) to provide adequate oxygenation and to maintain pH at 7.4. After mounting, the vessels were pressurized to 40 mmHg, and baseline diameter was measured at room temperature (22°C). Then, the bath temperature was increased to 37°C, and the development of basal tone was assessed by the change in diameter recorded over the next hour (equilibration period). After measuring basal developed tone, we increased pressure in a single step from 40 to 140 mmHg, and the myogenic response was determined as the change in diameter of the vessel over a 5 min period. Vasoconstrictor response to cumulative concentrations of 5-HT (10^−8^ to 10^−6^ M) was determined at a luminal pressure of 80 mmHg.

### Isolation of cerebral VSMCs. {#sec1-1-2}

The rats were euthanized with 4% isoflurane. MCAs were microdissected and digested in a low-calcium dissociation solution containing (in mM): 145 NaCl, 4 KCl, 1 MgCl~2~, 10 HEPES, 0.05 CaCl~2~, and 10 glucose (pH 7.4). The vessels were cut into small pieces, spun down at 1,000 rpm for 1 min, and incubated in the dissociation solution containing papain (50 units or 2 mg/ml; Sigma, St. Louis, MO) and dithiothreitol (2 mg/ml) for 10--15 min at 37°C. The partially digested vessels were spun down at 1,000 rpm for 1 min, and the pellet was washed and resuspended in fresh dissociation solution containing albumin (1 mg/ml) collagenase (250 units/ml or 2 mg/ml) and incubated for 10--15 min at 37°C. The digested tissue was collected after centrifugation at 1,000 rpm, and the pellet was resuspended in dissociation solution. VSMCs were released into the media by gentle pipetting of the digested tissue. The supernatant was collected, and the cells were pelleted by centrifugation at 1,000 rpm for 1 min. The cells were resuspended in a low-Ca^2+^ dissociation solution and maintained at 4°C. Patch-clamp experiments were completed within 4 h after isolation of the cells.

### Whole cell patch-clamp experiments. {#sec1-1-3}

K^+^ channel currents were recorded from VSMCs using a whole cell patch-clamp mode at room temperature (22--23°C). The bath solution contained (in mM): 130 NaCl, 5 KCl, 1.8 CaCl~2~, 1 MgCl~2~, 10 HEPES, and 10 glucose (pH 7.4). The pipettes were filled with a solution containing: 130 K-gluconate, 30 KCl, 10 NaCl, 1 MgCl~2~, and 10 HEPES (pH 7.2). The concentrations of EGTA and Ca^2+^ in the pipette solution were adjusted to obtain a cytosolic free Ca^2+^ concentration of 100 nM as determined using WinMAXC software written by C. Patton (Stanford University, Pacific Grove, CA; [http://www.stanford.edu/∼cpatton/maxc.html](http://www.stanford.edu/~cpatton/maxc.html)). The pipettes were pulled from 1.5 mm (outer diameter) borosilicate glass capillaries using a two-stage micropipette puller (P-97; Sutter Instrument, San Rafael, CA) and heat-polished with a microforge. The pipettes had tip resistances of 2--8 MΩ. After the tip of a pipette was positioned on a cell, a 5--20 GΩ seal was formed, and the membrane ruptured by gentle suction with a glass syringe. An Axopatch 200B amplifier (Axon Instruments, Foster City, CA) was used to clamp the pipette potential and to record whole cell currents. Outward membrane K^+^ currents were elicited by a series of 20 mV voltage steps (from −60 to +120 mV) from a holding potential of −40 mV. The amplifier output signal was filtered at 2 kHz with an eight-pole Bessel filter. The currents were acquired using p-CLAMP software (version 10, Axon Instruments) at a rate of 10 kHz and stored on the hard disk of a computer for off-line analysis. Data analysis was performed using Clampfit software (version 10.0, Axon Instruments). Peak current amplitudes (pA) were determined from the average of 5--10 trials. Membrane capacitance, in picofarads (pF), was determined from the average of 30 currents measured in response to a 5 mV pulse. Peak currents were expressed as current density (pA/pF) to normalize for differences in the size of the VSMCs. Paxilline (Pax, 100 nM) and 4-aminopyridine (4-AP, 1 mM)-sensitive K^*+*^ channel currents were estimated from the total current after administration of 4-AP or Pax to the bath solution.

### Perforated patch-clamp experiments. {#sec1-1-4}

Spontaneous transient outward currents (STOCs) were recorded by perforated patch-clamp technique in voltage clamp mode at a holding potential of +20 mV. Patch-clamp pipettes were made from borosilicate glass (Sutter Instruments, Novato, CA), coated with Sylgard to reduce capacitance and polished with a Micro Forge MF-830 fire polisher (Narishige Group, Tokyo, Japan). The final tip resistance averaged 4--6 MΩ. The extracellular solution contained (in mM): 134 NaCl, 6 KCl, 1 MgCl~2~, 2 CaCl~2~, 10 glucose, and 10 HEPES, and pH was adjusted to 7.4 with NaOH. The pipette solution contained (in mM): 110 potassium aspartate, 30 KCl, 10 NaCl, 1 MgCl~2~, 10 HEPES, and 0.05 EGTA. pH was adjusted to 7.2 with KOH and supplemented with freshly dissolved 150 μg/ml Nystatin. Recordings were started 5--10 min after the formation of the cell-attached patch configuration to allow adequate dialysis of the cells with the pipette solution. Currents were recorded using an Axopatch 200B amplifier, Digidata 1440A, and pCLAMP version 10.2 software (Molecular Devices, Union City, CA). Currents were sampled at 10 kHz and filtered at 2 KHz with a Bessel filter. STOCs were determined by counting the number of events recorded over a 5 min interval that was greater than a current threshold set at 2.5 times the single BK channel current amplitude for a particular holding potential. The frequency and mean amplitude of STOCs were determined off-line using Clampfit (version 10.0, Axon Instruments) and Origin Pro 9 software (OriginLab, Northampton, MA).

### Protocol: microelectrode measurement of membrane potential in pressurized MCAs. {#sec1-1-5}

MCAs were mounted on glass micropipettes and pressurized to 80 mmHg at 37°C. The membrane potential (*V*~m~) was measured before and after administration of 5-HT (1 μM). The pipettes were pulled from 0.3 mm borosilicate glass capillaries using a two-stage micropipette puller (P-97; Sutter Instrument, San Rafael, CA). The pipettes had a tip resistances of 60--80 MΩ. The pipettes were backfilled with 3M KCl solution, and *V*~m~ was measured using electrometer (Intra 767 electrometer, WPI, Sarasota, FL). V~m~ signals were acquired using p-CLAMP software (version 10, Axon Instruments) at a rate of 10 kHz using Digidata 1440A (Molecular devices) and stored on the hard disk of a computer for off-line analysis. Data analysis was performed using Clampfit software (version 10.0, Axon Instruments).

### Protocol: effects of 5-HT on cytosolic calcium. {#sec1-1-6}

VSMCs were freshly isolated from MCAs and allowed to attach to a 25 mm glass coverslip in a 1 ml perfusion chamber. The cells were bathed in physiological salt solution (PSS) containing (in mM): 130 NaCl, 5 KCl, 1.8 CaCl~2~, 1 MgCl~2~, 10 HEPES, and 10 glucose (pH 7.4). The cells were loaded with 5 μM fluo 4-AM (Molecular Probes) in PSS for 45 min in the dark at room temperature. cytosolic calcium (\[Ca^2+^\]~i~) was measured using a fluorescent inverted microscope (Nikon TS-100F) and Nikon NIS elements imaging system (Nikon). The cells were excited at wavelengths of 488 nm, and the images were recorded at emission wavelength of 510 nm by using ×40 objective. After baseline \[Ca^2+^\]~i~ was measured (F~o~), 5-HT was added to the bath, and \[Ca^2+^\]~i~ was recorded during a 4--5 min experimental period (F). The F/F~o~ values were obtained from multiple VSMCs and averaged to obtain a single value for statistical comparison.

### Statistical analysis. {#sec1-1-7}

Data are expressed as mean values ± SE; *n* indicates the number of MCAs or VSMCs studied from different animals. The significance of differences in mean values was determined by Student\'s *t*-test for paired observations or one-way ANOVA followed by a Tukey\'s post hoc test for multiple comparisons. A *P* value \<0.05 was considered to be significant.

RESULTS {#sec2}
=======

 {#sec2-1}

### Comparison of basal myogenic tone and the spontaneous myogenic response in MCAs isolated from FHH and FHH.1^BN^ rats. {#sec2-1-1}

A comparison of the development of basal tone and the time course of the myogenic response in response to step change in pressure is presented in [Fig. 1](#F1){ref-type="fig"}. MCAs isolated from FHH rats constricted by 8 ± 2% compared with 21 ± 3% in FHH.1^BN^ rats during equilibration period (22--37°C) ([Fig. 1*B*](#F1){ref-type="fig"}, *n* = 6 vessels). A comparison of the time course of the myogenic response of MCAs isolated from FHH and FHH.1^BN^ rats in response to a single step change in transmural pressure from 40 to 140 mmHg is presented in [Fig. 1*C*](#F1){ref-type="fig"} (*n* = 6--9 vessels). Immediately after we increased the pressure from 40 to 140 mmHg, the MCAs isolated from both strains distended to the same extent. During the next 4 min, MCAs of FHH.1^BN^ rats constricted to a level ∼15--20% below the baseline. In contrast, MCAs isolated from FHH rats did not respond and remained distended during this period ([Fig. 1*C*](#F1){ref-type="fig"}). After pressure was returned to 40 mmHg, the MCA of FHH.1^BN^ rats dilated back to the baseline level, but the MCA of FHH rats became less distended ([Fig. 1*C*](#F1){ref-type="fig"}).

![Comparison of basal tone and spontaneous myogenic response in middle cerebral arteries (MCAs) isolated from FHH and FHH.1^BN^ rats. MCAs were mounted on glass micropipettes in a myograph, and intraluminal pressure was maintained at 80 mmHg. *A* and *B*: traces and a comparison of the change in the diameter of the MCAs during equilibration period at 37°C. *C*: percent change in diameter of MCAs plotted over time in response to a step change in luminal pressure from 40 to 140 mmHg spontaneously. \*Significant difference in the corresponding values in FHH and FHH.1^BN^ rats. Error bars ± SE. Numbers in parentheses indicate the number of vessels studied.](zh70121641470001){#F1}

### Comparison of vascular response to 5-HT in MCAs of FHH and FHH.1^BN^ rats. {#sec2-1-2}

A comparison of the vasoconstrictor response to serotonin (5-HT) is presented in [Fig. 2](#F2){ref-type="fig"}. 5-HT reduced the diameter of MCAs isolated from both FHH and FHH.1^BN^ rats in a concentration-dependent manner ([Fig. 2*A*](#F2){ref-type="fig"}). However, the response to 5-HT was significantly greater in MCAs isolated from FHH.1^BN^ than FHH rats. E~max~ values averaged 42 ± 3% in FHH vs. 65 ± 9% FHH.1^BN^ rats ([Fig. 2](#F2){ref-type="fig"}, *B* and *C*). EC~50~ values were not significantly different and averaged between 109 ± 7 and 107 ± 20 nM, respectively, in FHH and FHH.1^BN^ rats.

![Comparison of serotonin (5-HT)-mediated vasoconstriction in MCAs isolated from FHH and FHH.1^BN^ rats. MCAs were mounted on glass micropipettes in a myograph, and the intraluminal pressure was maintained at 80 mmHg. After 1 h of equilibration at 37°C, 5-HT was applied to the vessel. *A*: representative diameter traces of 5-HT-mediated dose-dependent vasoconstriction in MCAs. *B*: percent constriction of MCAs plotted against log10 concentrations of 5-HT. The continuous lines are the best fit to the Hill equation. *C*: bar graph depicting the percent constriction in response to 0.1 and 1 μM 5-HT. \**P* \< 0.05 between FHH and FHH.1^BN^ rats. Error bars ± SE. Numbers in parentheses indicate the number of vessels studied.](zh70121641470002){#F2}

### Effect of 5-HT on outward K^+^ channel currents in VSMCs isolated from FHH and FHH.1^BN^ rats. {#sec2-1-3}

Representative traces of K^+^ channel currents before and after administration of 3 μM 5-HT are shown in [Fig. 3*A*](#F3){ref-type="fig"}. Baseline K^+^ channel currents were higher in VSMCs isolated from FHH compared with FHH.1^BN^ rats. Application of 5-HT (0.1--3 μM) for 7 min reduced K^+^ channel currents in FHH.1^BN^ rats but had no significant effect in cerebral VSMCs isolated from FHH rats ([Fig. 3](#F3){ref-type="fig"}, *B* and *C*). The current-voltage curve was not altered by 3 μM 5-HT in FHH rats, but it was shifted to the right in FHH.1^BN^ rats ([Fig. 3*D*](#F3){ref-type="fig"}). Total K^+^ channel current density measured at a holding potential of +80 mV in the presence of 1 and 3 μM 5-HT was significantly reduced in FHH.1^BN^ but not in FHH rats ([Fig. 3*E*](#F3){ref-type="fig"}).

![Comparison of 5-HT-mediated inhibition of outward potassium (K^+^) channel currents in vascular smooth muscle cells (VSMCs) isolated from MCAs of FHH and FHH.1^BN^ rats. Whole cell K^+^ channel currents were recorded with 0.1 μM free cytosolic calcium in the presence and absence of 5-HT. K^+^ channel currents were elicited by 20 ms pulses from −60 to +120 mV from a holding potential (*V*~h~) of −40 mV. *A*: whole cell total outward K^+^ channel currents before and after 3 μM 5-HT. *B* and *C*: changes in 5-HT-mediated K^+^ channel current density at +80 mV plotted over a period of 7 min. *D*: current-voltage relationship of the whole cell K^+^ channel current densities before and after 5-HT (4--6 cells). *E*: summary graph of current density at +80 mV before and after 0.3, 1, and 3 μM 5-HT (4--6 cells). \*Significant difference in the corresponding values between FHH and FHH.1^BN^ rats; !significant difference in the corresponding values before and after 5-HT in FHH.1^BN^ rats. Error bars ± SE. Numbers in parentheses indicate the number of VSMCs studied.](zh70121641470003){#F3}

### Effect of 5-HT on BK channel currents in VSMCs isolated from FHH and FHH.1^BN^ rats. {#sec2-1-4}

To evaluate the relative contribution of the BK channel to the changes in total K^+^ currents VSMCs were treated with 1 mM 4-AP to block voltage-gated K^+^ channel (K~v~) currents, and the resulting BK channel currents were studied. The addition of 4-AP inhibited total K^+^ channel current similarly in VSMCs isolated from FHH and FHH.1^BN^ rats (26 vs. 23% inhibition) ([Fig. 4*B*](#F4){ref-type="fig"}). 5-HT in the presence of 4-AP decreased the residual BK channel current significantly in FHH.1^BN^ rats but not in FHH rats (46 vs. 6%) ([Fig. 4](#F4){ref-type="fig"}, *A* and *B*).

![Comparison of 5-HT-mediated inhibition of large conductance potassium channel (BK) currents in VSMCs isolated from MCA of FHH and FHH.1^BN^ rats. Current-voltage curves of whole-cell BK currents in the presence and absence (control) of 4-aminopyridine (4-AP) combined with and without 3 μM 5-HT. *A*: K^+^ channel current densities plotted over membrane potential (4 cells). *B*: summary graph of current density at +80 mV (4 cells). \*Significant difference in the corresponding values between FHH and FHH.1^BN^ rats; !significant difference in the corresponding values before and after 5-HT in FHH.1^BN^ rats. Error bars ± SE. Numbers in parentheses indicate the number of VSMCs studied.](zh70121641470004){#F4}

### Comparison of the effects of 5-HT on STOCs in VSMCs isolated from FHH and FHH.1^BN^ rats. {#sec2-1-5}

VSMCs isolated from FHH rats exhibited a higher frequency and amplitude of STOCs compared with FHH.1^BN^ rats at a *V*~m~ of +20 mV (*n* = 7 and 5 cells, respectively; [Fig. 5](#F5){ref-type="fig"}, *B* and *C*). The amplitude of STOCs decreased by ∼5-fold after 7--10 min of application of 5-HT to VSMCs isolated from FHH.1^BN^ rats. In contrast, 5-HT did not reduce the amplitude of STOCs in VSMCs isolated from FHH rats \[(pA), FHH: 84 ± 9 to 84 ± 14; FHH.1^BN^: 43 ± 3 to 8 ± 1\]. The frequency of STOCs fell by ∼50% in FHH.1^BN^ rats 7--10 min after administration of 5-HT, but it was not significantly altered in VSMCs isolated from FHH rats \[(Hz), FHH: 8 ± 0.3 to 6.6 ± 0.4; FHH.1^BN^: 4.3 ± 3 to 2.3 ± 0.3, *P* \< 0.05\] ([Fig. 5*C*](#F5){ref-type="fig"}). The amplitude and frequency of STOCs were markedly reduced in VSMCs obtained from both FHH and FHH.1^BN^ rats after administration of a BK channel inhibitor, Pax ([Fig. 5](#F5){ref-type="fig"}).

![Comparison of 5-HT-mediated inhibition of spontaneous transient outward currents (STOCs) in VSMCs isolated from MCA of FHH and FHH.1^BN^ rats. STOCs were recorded at a *V*~h~ of +20 mV using perforated patch clamp method over a period of 7--10 min. *A*: traces of STOCs in the presence of 5-HT alone (3 μM) or combined with paxilline (100 nM). *B* and *C*: bar graph of STOC amplitude and frequency (*n* = 5--7 cells) measured before (pre-5-HT) and after (\<5 min and between 7 and 10 min) application of 5-HT alone and combined with paxilline. \*Region from where the amplitude and frequency of STOCs were measured. !Significant difference in the corresponding values before 5-HT application in FHH and FHH.1^BN^ rats. Error bars ± SE. Numbers in parentheses indicate the number of VSMCs studied.](zh70121641470005){#F5}

### Effect of 5-HT on V~m~ in pressurized MCAs isolated from FHH and FHH.1^BN^ rats. {#sec2-1-6}

The results of these experiments are presented in [Fig. 6](#F6){ref-type="fig"}. Baseline *V*~m~ was significantly more negative in FHH compared with FHH.1^BN^ rats (FHH: −48 + 1.8 mV; FHH.1^BN^: −38 ± 2.2 mV, *n* = 5--6 vessels; *P* \< 0.05) ([Fig. 6*B*](#F6){ref-type="fig"}). Application of 5-HT (1 μM) depolarized the *V*~m~ in both strains, but the magnitude of effect was significantly greater in FHH.1^BN^ than in FHH rats (delta *V*~m~ is 4.8 ± 0.3 in FHH rats vs. 8.8 ± 1 mV in FHH.1^BN^ rats) ([Fig. 6*C*](#F6){ref-type="fig"}). Administration of the BK channel inhibitor Pax (100 nM) enhanced the membrane depolarization response to 5-HT in FHH to the same extent as seen in FHH.1^BN^ rats treated with 5-HT alone ([Fig. 6C](#F6){ref-type="fig"}). In contrast, Pax had little effect on 5-HT-mediated depolarization in the MCA of FHH. 1^BN^ rats ([Fig. 6*C*](#F6){ref-type="fig"}).

![Comparison of 5-HT-mediated change in membrane potential in pressurized MCAs isolated from FHH and FHH.1^BN^ rats. Membrane potential was measured in pressurized (80 mmHg) MCAs using microelectrode impalement technique. *A* and *B*: traces of the original membrane potential recordings and summary bar graph of the membrane potential before and after application of either 5-HT (1 μM) alone or combined with paxilline (100 nM). *C*: delta change in the membrane potential before and after application of 5-HT alone or combined with paxilline. Values are means ± SE. \*Significant difference in the corresponding values in FHH and FHH.1^BN^ rats; &significant difference in the corresponding values from the 5-HT-mediated depolarization in FHH.1^BN^ rats; \#significant difference in the corresponding values from the 5-HT + paxilline-mediated depolarization in FHH rats. Numbers in parentheses indicate the number of vessels studied.](zh70121641470006){#F6}

### Effect of 5-HT on \[Ca^2+^\]~i~ in VSMCs isolated from FHH and FHH.1^BN^ rats. {#sec2-1-7}

5-HT produced a biphasic increase in \[Ca^2+^\]~i~ in VSMCs isolated from both strains ([Fig. 7*A*](#F7){ref-type="fig"}). The peak response to 5-HT was not significantly different in VSMCs isolated from FHH and FHH.1^BN^ rats. However, the plateau phase of the calcium response was significantly greater in FHH.1^BN^ than in the FHH rats ([Fig. 7*B*](#F7){ref-type="fig"}).

![Comparison of 5-HT-mediated change in cytosolic calcium (\[Ca^2+^\]~i~) in VSMCs isolated from MCA of FHH and FHH.1^BN^ rats. VSMCs were isolated from MCAs and plated on 25 mm glass coverslip in a 1 ml perfusion chamber. We loaded 5 μM fluo 4-AM into the cells and measured \[Ca^2+^\]~i~. *A*: traces. *B*: summary graph of change in fluorescence during peak and plateau phases in response to 1 μM 5-HT. \*Significant difference in the corresponding values in FHH and FHH.1^BN^ rats. Error bars ± SE. Numbers in parentheses indicate the number of VSMCs studied.](zh70121641470007){#F7}

### Effect of BK channel blocker on contractile response to 5-HT. {#sec2-1-8}

Administration of Pax (100 nM) had no significant effect on the diameter of MCAs isolated from FHH.1^BN^ rats, but it constricted MCAs isolated from FHH rats by ∼5% (data not shown). The vasoconstrictor response to 0. μM 5-HT was greater in the MCA of FHH.1^BN^ than in FHH rats. Blockade of BK channels with Pax enhanced the vasoconstrictor response to 5-HT in MCAs isolated from FHH rats, but it had no effect in vessels obtained from FHH.1^BN^ rats ([Fig. 8](#F8){ref-type="fig"}). Administration of 4-AP to inhibit voltage-sensitive K~v~ channels, enhanced the vasoconstrictor response to 5-HT in FHH rats but had no effect in FHH.1^BN^ rats ([Fig. 8*B*](#F8){ref-type="fig"}). The vasoconstrictor response to 5-HT was enhanced to a greater extent in the presence of both 4-AP and Pax in FHH rats, but it was not significantly altered in the MCA of FHH.1^BN^ rats ([Fig. 8*B*](#F8){ref-type="fig"}).

![Comparison of 5-HT-mediated vasoconstriction in the presence of K^+^ channel inhibitors in MCAs isolated from FHH and FHH.1^BN^ rats. MCAs were mounted on glass micropipettes in a myograph, and intraluminal pressure was maintained at 80 mmHg. After 1 h of equilibration at 37°C, K^+^ channel blockers \[4-AP, K~v~ channel blocker; Paxilline (Pax), BK channel blocker\] combined with 100 nM 5-HT were applied to the chamber. *A*: diameter traces of 5-HT-mediated vasoconstriction in the presence or absence of 100 nM Pax. *B*: bar graph depicting the percent change in diameter (vasoconstriction) in the presence of 5-HT alone and in combination with BK channel blocker (+Pax, 100 nM) and/or K~v~ channel blocker (4-AP, 1 mM). \**P* \< 0.05 between FHH and FHH.1^BN^ rats; !significant difference in the corresponding values after K channel inhibition compared with 5-HT-mediated vasoconstriction alone in FHH rats. Error bars ± SE. Numbers in parentheses indicate the number of vessels studied.](zh70121641470008){#F8}

DISCUSSION {#sec3}
==========

The present studies compared the vasoconstrictor response to 5-HT in MCAs isolated from FHH and FHH.1^BN^ rats. The results suggest that the basal vascular tone, the myogenic response to a step increase in pressure, and vasoconstrictor response to 5-HT are all significantly reduced in MCAs isolated from FHH rats compared with FHH.1^BN^ rats. The impaired constrictor response to 5-HT was associated with an increase in K^+^ channel activity in VSMCs isolated from FHH relative to FHH.1^BN^ rats. 5-HT induced a similar rapid rise in \[Ca^2+^\]~i~ in VSMCs isolated from both FHH and FHH.1^BN^ rats. However, the sustained increase in \[Ca^2+^\]~i~ in the plateau phase was significantly greater in FHH.1^BN^ than FHH rats. 5-HT depolarized the *V*~m~ in MCAs isolated from FHH.1^BN^ rats but had no significant effect in vessels isolated from FHH rats. 5-HT significantly depolarized *V*~m~ in vessels isolated from FHH rats after blockade of the BK channel with Pax but had less effect in the MCA of FHH.1^BN^ rats. In addition, blockade of the BK channel or K~v~ channel either alone or together significantly enhanced 5-HT-mediated vasoconstriction in MCAs isolated from FHH rats but had no effect on the response in vessels obtained from FHH.1^BN^ rats. These findings are consistent with the view that elevated K^+^ channel activity is responsible for the hyperpolarized *V*~m~ that blunts the \[Ca^2+^\]~i~ entry during plateau phase and attenuates the vasoconstrictor response to 5-HT in FHH rats.

 {#sec3-1}

### Diminished 5-HT-mediated vasoconstriction in MCAs of FHH rats is associated with an inability to inhibit K^+^ channel activity and less basal vascular tone. {#sec3-1-1}

Previous studies have indicated that elevations in the transmural pressure triggers a myogenic response in resistance vessels and reduces vascular diameter below the baseline ([@B16], [@B17]). Our previous studies suggest that pressure-mediated myogenic response in MCAs of FHH.1^BN^ rats is intact, but it is markedly impaired in MCAs of FHH rats ([@B32]). The impaired myogenic response in the MCA of FHH rats is associated with an elevation in BK channel function and STOCs in VSMCs isolated from this vessel ([@B32]). It is well known that 5-HT-mediated vasoconstriction is associated with inhibition of K~v~ and K~ATP~ channel activity in various vascular beds ([@B4], [@B21], [@B37]). Therefore, it is logical to hypothesize that FHH rats may exhibit a diminished vasoconstrictor response to 5-HT due to an inability to inhibit K^+^ channel function. Indeed, the results of the present study indicate that the vasoconstrictor response to 5-HT is markedly reduced in MCAs isolated from FHH relative to FHH.1^BN^ rats. Evaluation of the dose response curves indicates that the maximal response to 5-HT was attenuated in FHH rats compared with FHH.1^BN^ rats, but there were no significant difference in the EC~50~ values. This suggests that the differences in vascular reactivity are not related to the changes in the binding to the 5-HT receptors but rather to an alteration in postreceptor coupling to the downstream signal transduction pathways. Our results also suggest that 5-HT-mediated regulation of the K^+^ channel is both dose and time dependent and can be separated into two phases. We observed an initial K^+^ channel activation phase (\<5 min) followed by an inhibitory phase (\>5 min) at low doses of 5-HT (0.1 μM). The activation phase is greater in FHH than in FHH.1^BN^ rats ([Fig. 3*D*](#F3){ref-type="fig"}). The initial activation of K^+^ channel is thought to be mediated by an IP~3~-mediated increase in \[Ca^2+^\]~i~ that is released from intracellular stores ([@B20]) or direct activation by IP~3~R1 ([@B44]). On the other hand, activation of PKC and translocation of phosphorylated forms of PKC to the membrane inhibit K^+^ channel activity and later contribute to inhibition of K^+^ channel activity ([@B3], [@B45]). In this regard, we found that high doses of 5-HT significantly inhibited K^+^ channels in FHH.1^BN^ rats but not in FHH rats. We also observed an enhanced 5-HT-mediated contraction in FHH rats in the presence of either BK or K~v~ channel inhibitors, which is consistent with the observation that greater BK and/or K~v~ channel activity contributes to diminished 5-HT-mediated vasoconstrictor response in FHH rats ([Fig. 8](#F8){ref-type="fig"}). There was a fourfold increase in 5-HT-mediated contraction in FHH rats in the presence of both BK and K~v~ channel blockers compared with the twofold change in the presence of either drug alone ([Fig. 8](#F8){ref-type="fig"}). This suggests that 5-HT only causes a partial blockade of the BK and K~v~ channels in FHH rats. The lack of effect of K^+^ channel inhibitors to increase 5-HT-mediated contraction in FHH.1^BN^ rats is consistent with the view that 5-HT alone can inhibit K^+^ channel activity in this strain.

### Diminished 5-HT-mediated K^+^ channel inhibition in VSMCs of FHH rats may result in hyperpolarized sarcolemma that attenuates calcium influx \[Ca^2+^\]. {#sec3-1-2}

There is an increasing evidence that agonist-induced vasoconstriction occurs in response to Ca^2+^ influx following depolarization of *V*~m~ ([@B8], [@B15]). The inability of 5-HT to inhibit K^+^ channel activity in FHH rats may result in the hyperpolarized *V*~m~. Indeed, *V*~m~ in pressurized MCAs averaged −38 ± 2 mV in FHH.1^BN^ vs. −48 ± 2 mV in FHH rats. In the presence of the BK channel blocker Pax, 5-HT significantly depolarized *V*~m~ in FHH vessels, but it had less effect in FHH.1^BN^ rats ([Fig. 6](#F6){ref-type="fig"}). Thus, the data suggest that higher BK channel function in MCA of FHH rats hyperpolarizes the membrane that opposes Ca^2+^ influx through voltage-gated calcium channels (VGCC) and diminishes the vasoconstrictor response to 5-HT. Consistent with this interpretation, we found that the peak increase in \[Ca^2+^\]~i~ was similar in VSMCs isolated from both FHH.1^BN^ and FHH rats, but the "plateau phase" was diminished in FHH rats ([Fig. 7](#F7){ref-type="fig"}). The initial peak increase in \[Ca^2+^\]~i~ in VSMC following administration of 5-HT is thought to be mediated by the IP~3~-mediated release of Ca^2+^ from intracellular stores, which is not altered by Ca^2+^ channel antagonists such as Co^2+^, La^3+^, or nifedipine ([@B42]). This is followed by a plateau phase that results from the opening of VGCCs or store-operated Ca^2+^ channels buffered by reuptake of Ca^2+^ into sarcoplasmic reticulum and mitochondria ([@B33]). Thus, a decrease in \[Ca^2+^\]~i~ in VSMCs of FHH rats may be due to hyperpolarization of the membrane that diminishes Ca^2+^ influx via VGCCs.

### Mechanisms involved in 5-HT-mediated disinhibition of K^+^ channels in FHH rats. {#sec3-1-3}

The mechanism underlying the diminished ability of 5-HT to inhibit K^+^ channel activity in the cerebral vasculature of FHH rats remains to be determined. It normally activates PLC and triggers PKC-mediated inhibition of BK channels that contributes to VSMC membrane depolarization ([@B3], [@B8]). Any disruption in this pathway can alter 5-HT-mediated vasoconstriction. Thus, diminished 5-HT-mediated K^+^ channel inhibition in FHH rats could be related to an abnormality in BK channel inhibition. Internalization and a decrease in K~v~ channel activity via caveolin have also been suggested to enhance 5-HT-mediated vasoconstriction ([@B8]). Likewise, ANG II-mediated vascular contraction is associated with activation of PKCε and caveolin-dependent internalization of K~ATP~ channels ([@B35]). Along these lines, it is possible that disruption of caveolin-dependent internalization of K^+^ channels might contribute to the diminished vasoconstrictor response to 5-HT in the cerebral vasculature of FHH rats.

FHH rats and the congenic FHH.1^BN^ rat differ genetically by 15 genes in a 2.4 Mbp region of chromosome 1 (RNO1). Thus, the phenotypic differences observed in these strains are likely due to differences in the expression or function of one or more of the genes in this region. Sequence analysis revealed that there are about 791 single nucleotide variants in 11 of 15 genes located in the 2.4 Mbp region of FHH rats ([@B6]). Only two genes (Mxi1 and Rbm20) were found to be differentially expressed in renal vessels isolated from FHH vs. FHH.1^BN^ rats ([@B6]). However, there is no information available about whether these genes influence vascular function. Twenty variants were identified in exons of six genes in the region ([@B6]). Of these, six variants in four genes in this region, Add3, Dusp5, Shoc-2, and Rbm20, alter the amino acid structure of their respective proteins ([@B6], [@B11], [@B32]). Of these genes, the variants in Rbm20 are benign ([@B6]), but those in Add3, Dusp5, and Shoc-2 possibly can alter the function of these proteins.

Adducin (ADD) is a heterodimeric cytoskeleton protein consisting of an α-subunit (Add1) bound to either a β-(Add2) or γ-subunit (Add3). It promotes actin-spectrin interactions and inhibits actin polymerization by end-capping ([@B25]). Adducin is a major PKC and Rho kinase substrate ([@B24]). Phosphorylation of adducin by PKC or Rho-kinase promotes a redistribution of adducin from the membrane and changes the actin and spectrin capping and the cytoskeleton ([@B7], [@B14], [@B24]), which could influence ion-channel activity and the myogenic response ([@B18], [@B34]). In this regard, we have recently reported that knockdown of the expression of Add3 increases K^+^ channel activity and inhibits the myogenic response in cerebral arteries ([@B30]). However, it remains to be determined whether the mutation in Add3 in FHH is functionally significant and contributes to the impaired myogenic response and autoregulation of CBF in FHH rats.

DUSP5 (dual-specificity protein phosphatase) is another interesting candidate gene. Dusp5 is an enzyme involved in the dephosphorylation of PKC and ERK~1/2~ ([@B23]). The expression of Dusp5 protein is similar in the cerebral vasculature of FHH and FHH.1^BN^ congenic rats. However, the levels of phosphorylated PKC and ERK~1/2~ are markedly reduced in FHH vs FHH.1^BN^ rats ([@B11]). This is consistent with the view that the activity of Dusp5 might be elevated in FHH rats. However, knockdown of the expression of DUSP5 gene increases myogenic response in cerebral arteries of Sprague-Dawley rats ([@B11], [@B43]). Knockout of the Dusp5 gene in FHH.1^BN^ rats increased the myogenic response in cerebral arteries and autoregulation of CBF in vivo ([@B11]). This was associated with increased levels of phosphorylated PKC-β11 and ERK~1/2~ ([@B11], [@B43]).

More recently Hye Khan et al. ([@B19]) studied a possible role of aminopeptidase P gene (*Xpnpep1*) in vascular function. Aminopeptidase P gene is also located in the 2.4 Mbp region of RNO1, and the expression of this protein was elevated in cerebral vessels of FHH rats relative to FHH.1^BN^ rats. Higher levels of aminopeptidase P has been suggested to decrease bradykinin-(endothelium)-mediated vasodilation in FHH rats compared with FHH.1^BN^ rats ([@B19]). However, whether the genes located in the 2.4 Mbp region of RNO1 play a role in attenuated 5-HT-induced constriction in MCAs of FHH rats relative to FHH.1^BN^ rats is not known and warrants further investigation.

Perspectives {#sec3-2}
------------

The present study indicates that MCA isolated from FHH rats exhibit less basal tone, impaired myogenic response, and an attenuated vasoconstrictor response to 5-HT, which are coupled to disinhibition of BK and K~v~ channel activity. The impaired myogenic response and autoregulation of CBF in FHH rats may lead to increased transmission of lumen pressure to cerebral capillaries especially following the development of hypertension. Elevated capillary pressure can lead to disruption of blood-brain barrier, vascular leakage, cerebral inflammation, and neurodegeneration ([@B12]). The importance of our results is that suppression of BK and/or K~v~ channel currents is a common mechanism that is shared by vasoconstrictors such as 5-HT that activate G~q~-coupled receptors. Any disruption in the pathways that mediate this function could alter the vascular reactivity and the contractile state of the blood vessel.
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